Decades of mining in South Korea have resulted in the contamination of large amounts of soil by metals. The most feasible approach to site restoration requires the use of a stabilization agent to reduce metal mobility. This study examined the leaching characteristics of limestone used as a stabilization agent when subjected to solutions of differing pH. In a laboratory-scale column test, solutions with pH values of 3.5, 4.6, and 5.6, representing acidic to nonacidic rainfall, were applied to soil mixed with limestone. Test results indicate that metal components can be released with the addition of acidic solutions, even if the soil is highly alkaline. Cd and Zn, in particular, exhibited abrupt or continuous leaching when exposed to acid solutions, indicating the potential for contamination of water systems as metal-laden soils are exposed to the slightly acidic rainfall typical of South Korea. Treatment using stabilization agents such as limestone may reduce leaching of metals from the contaminated soil. Stabilizing metal-contaminated farmland is an economical and feasible way to reduce pollutants around abandoned metal mines.
Introduction
Contamination by mining activities is one of the most serious causes of soil quality degradation [1] . About 1,104 metal mines have been documented in South Korea, and 1,069 of those (97%) were abandoned after closure [2] . The tailings and wastes from these abandoned metal mines (AMMs) have significantly polluted nearby farmlands [3] , and the resulting metal accumulation in crops poses a serious environmental threat to human health [4, 5] , since neither are metals removed from the soil nor do their contents decrease [6] . The general approach for the remediation of metal-contaminated areas, therefore, is to excavate the contaminated soil and reclaim the land with clean soil. This method, however, not only is costly but also can lead to secondary contamination. It is also known to be destructive to the ecosystem [7] [8] [9] .
Stabilization, an in situ technique, uses a stabilization agent to reduce the mobility and bioavailability of metals and is considered to be both economical and efficient [3, 8] . Many studies have examined different stabilization agents and their mechanisms for reducing the mobility and bioavailability of metals in soil. According to Kumpiene et al. [10] and Ruttens et al. [6] , it could be accomplished by increasing the pH of the soil, and alkaline materials are the most widely used to stabilize metal-contaminated soil. However, the durability of this method has not been proven, and treated areas require regular monitoring [11] . Still, until a more economical and effective remediation technique is developed, stabilization remains the most feasible alternative for the remediation of metal-polluted soils.
In South Korea, national environmental regulations stipulate the total content of metal in the soil, and therefore, it is not easy to set a remediation goal or to evaluate the results of stabilization. However, if polluted areas are left as they are, contamination may spread to the surrounding environment via rainfall or wind. Normal rain is slightly acidic with a pH = 5.6 and could accelerate the mobility of metals, whose solubility increases under weakly acidic conditions. Additionally, incidences of acid rain are expected to increase in severity as smog-laden air masses from China move into South Korea.
Further, in South Korea, the great majority of soils near AMMs are contaminated with Zn, Cd, and Pb [12] . In most cases, these components are distributed in contaminated soil in the form of various composites; the cases of singlecomponent contamination are extremely rare. Therefore, the applicability of a stabilization method should be examined with respect to Cd, Zn, and Pb, without limiting to a specific single component. This study investigates the long-term performance of stabilization with variation of pH. Limestone was applied as a stabilization agent in a laboratory-scale column test, and the leaching characteristic of the metal components, that is, Cd, Zn, and Pb, in the soil sample was observed and compared to the results of the control soil sample.
Materials and Methods

Soil Sampling.
A representative soil sample was collected from farmland near Seosung Mine, located in Jigok, Seosan City, Chungnam Province, South Korea. Interviews with residents around the abandoned mine site indicated that tailings from the mine had been used periodically to replace the topsoil of farmlands. The farmlands have been left fallow because of metal contamination from mining activity. The soil was sampled using a shovel according to the Standard Method for Soil Analysis [13] . The sampled soil was transported to the laboratory, spread on a pan at a uniform thickness, and air-dried for a week. The specimen was sieved with a 2 mm sieve for physicochemical and metal analyses and with a 9.54 mm sieve for the column test.
Stabilization Agent.
In this study, limestone (<2 mm) was used as the stabilization agent. In South Korea, limestone has been used as a stabilization agent for a long time because it is abundant and inexpensive. Calcareous materials increase soil pH and thus induce an increase in the soil's negative charge, which in turn induces the cationic metals to be adsorbed and precipitated onto the soil surface [14] . The technical manual of Korea Mine Reclamation Corp. states that both agents should be crushed to a particle size of less than and equal to 2 mm [15] . Table 1 shows the results of the pH and XRF analyses for the limestone used.
Procedure of Laboratory-Scale Column
Test. Acrylic columns manufactured for the experiments had a thickness, inner diameter, and height of 0.5, 10, and 80 cm, respectively, as shown in Figure 1 . Two gate valves were installed at the top and bottom of each column to control irrigation and drainage. A 5 cm thick sand filtration layer was placed beneath the contaminated soil layer. Standard sand of Korean standard (KS L IOS 679), which had been sterilized for 30 min in an autoclave (KT4422, Kastech, Korea) at 121 ∘ C, was used as the filter layer. Limestone was mixed with the contaminated soil using a 5% mixing ratio (w/w, based on dried weight), which is a general design value of the Mireco [15] manual. The control column was filled with contaminated soil only (see also Figure 1 ). Five contaminated or treated soil layers were compacted by 15 blows from a 20 cm height using a 2.38 kg rammer to increase in situ density. Table  2 shows the physical characteristics of the soil samples treated in the column. Acidic solution was applied to the top of columns and maintained at a constant depth of 6 cm during the test period. Leachate collected from the bottom of columns at 1 pore volume (PV) intervals. 1 PV corresponds to approximately 255 mm of rainfall; as the annual precipitation in South Korea is approximately 1,800 mm, 30 PV corresponds to the precipitation of approximately 4 and a quarter years. The solution for the test was made by mixing H 2 SO 4 and HNO 3 (3 : 1 mole ratio) and diluting with distilled water to adjust the pH. The pH levels of the solutions were chosen to mimic the pH values of normal rainfall (5.6) and the average and minimum pH values in South Korea during 2006 (4.8 and 3.6, resp.) based on data from the Korea Ministry of Environment [16] . The different solutions were consecutively introduced into the soil column at 10 PV intervals. The entire leachate volume (30 PV) was collected from the columns. Before leaching, the control and treated soils in the columns were adjusted to 70% of field capacity moisture content and incubated for 2 days at room temperature. Columns were allowed to drain for 24 hr before next acidic solution was applied.
Quality Analysis of Soil and Leachate.
The physicochemical soil characteristics were analyzed according to NIST [17] . The pH (soil < 2 mm) was measured using a pH and EC meter (Orion 550A, Thermo) at a 1 : 5 soil/distilled water ratio. The available phosphate (soil < 2 mm) was measured via the Lancaster method using a spectrophotometer (UV-1650 PC, Shimadzu, Japan). The exchangeable cations (soil < 2 mm) were extracted using 1 M NH 4 OAc (pH 7) and were measured using an inductively coupled plasma spectrometer (ICP/OES, Optima 5300DV, Perkin Elmer). The soil texture was measured by the hydrometer and sieve method.
The metal contents of the soil (<0.15 mm) were measured via aqua regia digestion (3 : 1, v/v, HCl+HNO 3 ) using an To investigate the fraction of metals in the soil (<0.15 mm), sequential extraction was performed using a modified BCR procedure. Four operationally defined fractions are acid soluble fraction (F1, soluble and exchangeable fraction and bound to carbonates, 0.11 M CH 3 COOH, for 16 h), reducible fraction (F2, bound to Fe/Mn oxides, 0.5 M NH 2 OH⋅HCl, pH 2, for 16 h), oxidizable fraction (F3, bound to organic matter and sulfides, 30% H 2 O 2 acidified with HNO 3 to pH 2 at 85 ∘ C for 2 h and then followed by the extraction with 1 M CH 3 COONH 4 , pH 2-3, for 16 h), and residual fraction (aqua regia digestion). At the end of each sequential extraction step, before injecting the extraction solution of the next step, the sample was washed with distilled water to prevent residual components causing error. In addition, the sample was passed through a centrifugal separator to prevent any loss of the sample when effluent was collected. The metal components of all collected extracts were measured by ICP-OES (Optima 5300DV, Perkin Elmer, USA).
The leachate quality collected was analyzed using the pretreatment and analysis procedure according to the Standard Method of Water Analysis [18] . The pH and EC values were measured using a pH and EC meter (Orion 550A, Thermo, Japan), and the Cd, Pb, and Zn contents were measured using an ICP/MS (ELAN DRC II, Perkin Elmer, USA).
Data Analysis.
The Pearson correlation of the physicochemical soil characteristics, metal content statistics, pH values of the leachates, EC, and Cd, Pb, and Zn contents were analyzed using SPSS 12.0; Sigmaplot 10.0 was used to plot the graphs. Table 3 shows the physicochemical characteristics and total metal contents of the soil used. The soil pH was 7.3, which is significantly higher than the reported value of 5.6 for farmlands in South Korea [19] . This may be due to the large quantity of crystalline limestone intercalated in the schist bedrock of the study area [20] . The contents of exchangeable calcium, magnesium, and potassium were 4.09, 0.84, and 0.37 cmol + /kg, respectively. Lee et al. [21] reported that the pH value of the soils surrounding the AMM sites in South Korea ranged between 5.2 and 7.0 (average pH 5.8), and the contents of exchangeable calcium, magnesium, and potassium ranged between 1.4 and 18.3, 0.3 and 9.4, and 0.02 and 1.3 cmol + /kg, respectively. The Cd, Pb, and Zn contents of the soil were 90.8 mg/kg, 8,058 mg/kg, and 5,196 mg/kg, respectively, which significantly exceed the national limit of soil quality [22] .
Results
Soil Characteristics.
The results of sequential extraction analysis on heavy metals for soil sample are shown in Table 4 . The acid soluble fractions of Cd, Pb, and Zn were 22.5 mg/kg (27.2%), 1,395 mg/kg (18.6%), and 1,095 mg/kg (22.8%), respectively. Figure 2 shows the pH and EC (electrical conductivity) values of the leachate collected during the test period. The lowest pH was obtained from the leachate extracted from 1 PV by applying the initial aqueous solution of pH 5.6. The pH of the limestone-treated soil column was 7.4 and was higher than that of the control column, which was 6.8. Thereafter, the pH value abruptly increased and remained constant. When the acid solutions of pH 4.8 and pH 3.6 were added to the top of the soil layer at 11 PV and 21 PV, respectively, the pH values of leachates at 11 PV and 21 PV abruptly decreased, in a similar pattern to the early stage after the addition of the pH 5.6 solution (Figure 2(a) ). In particular, the pH values decreased most abruptly directly after the inflow of the pH 4.8 solution (at 11 PV) and were the lowest since the inflow at 1 PV. In the control soil, the pH temporarily decreased in the early stages of augmentation but increased again and remained constant thereafter. This seems to be in response to the natural buffering capacity of the soil, which included a large quantity of limestone, as mentioned earlier [20] . The limestone-treated soil showed a similar tendency to the control soil, and the pH was similar to that of the control soil after 1 PV. The decrease in the pH values after the initial inflow of the solutions, however, was significantly smaller than that in the control soil.
The Change in the pH and EC Values of the Leachate.
The EC of the leachate had the opposite tendency to that of the pH. The correlation between the pH and EC of the leachate was strongly negative ( = −0.758, with < 0.01 and = 30). At 1 PV, which had the lowest pH value within the test period, the EC value was highest, but it abruptly decreased when the pH 5.6 solution was added to the column ( Figure  2(b) ). In both the control and the limestone-treated soil columns, the EC abruptly increased at 11 and 21 PV, immediately after the inflow of the pH 4.8 and pH 3.6 solutions, respectively, and remained constant thereafter (Figure 2(b) ).
The changes in the pH and EC values suggest that a large quantity of metal cations was initially leached after the inflow of acid solutions, when the pH decreased and the EC increased temporarily.
Leaching Concentrations of Heavy Metals in the Soil.
During the column test, the change in metal concentrations was observed from collected leachates of the control and limestone-treated columns. In the control soil, the Cd concentration in leachate was 81.9 g/L (the highest level during whole test period) at 1 PV, when the pH 5.6 solution was first applied to the soil column (Figure 3(a) ). This level was eight times greater than the national limit of groundwater quality (10 g/L) [23] . The concentration at 2 PV decreased to 25.6 g/L, two times greater than the national limit. Cd concentration abruptly decreased thereafter and remained constant at a value below the national limit. Cd concentration abruptly decreased thereafter and remained constant at a value below the national limit. Cd concentration sharply increased again in the early stages after the addition of the pH 4.8 and pH 3.6 solutions. In particular, for the pH 4.8 solution, the Cd concentration at 11, 12, 13, and 14 PV exceeded the national limit. These results suggest that should this kind of site experience acidic rainfall, metals could be released to the surrounding environment at the early stage of rainfall, even though the pH value of soil used was higher than the reported value (pH 5.6) of farmland in South Korea [19] .
In the column of limestone-treated soil, however, the Cd concentration was significantly lower than in the control soil and did not exceed the national limit. Moreover, it remained constant, unlike the case in the column of control soil, in which Cd was quickly leached during the early stages of the addition of an acid solution (Figure 3(a) ). The total leached concentrations of Cd in the leachate were 8.40 g/L in the control column and 0.52 g/L in the limestone-treated column, which shows that the limestone treatment reduced the Cd concentration by approximately 94%.
Zn had almost the same leaching characteristics as Cd (Figure 3(b) ). In the control column, the Zn concentration Journal of Chemistry was 13,916 g/L and was approximately 14 times greater than the national limit of effluent quality of surface water of 1,000 g/L. There is no national regulation of zinc in groundwater, so the surface water standards were used [23] . Zn concentrations from the control columns at 2 and 3 PV were 6,536 and 2,238 g/L, respectively, which significantly exceeded the national limit. Thereafter, the Zn concentration continuously decreased to below the national limit. In the early stages of the addition of the pH 4.8 and pH 3.6 solutions, however, the Zn concentration abruptly increased again, in the same manner as for Cd. However, the Zn concentration increased quickly between 11 and 14 PV, which corresponded to the early stages of the addition of the pH 4.8 solution, and was maintained a little longer than Cd. The Zn concentrations at 12, 13, and 14 PV were 1,575, 2,144, and 2,548 g/L, respectively, which exceeded the national limit. At 21 PV, the addition of the pH = 3.6 solution, the Zn concentration abruptly increased to 1,627 g/L, which exceeded the national limit, and remained there for the rest of the test period.
In the limestone-treated column, the Zn concentration was significantly lower than that in the control column and remained below the national limit, without any obvious variation of leaching characteristics after the addition of acid solutions (Figure 3(b) ). The total leached concentrations of Zn in the leachate were 1,832 g/L in the control column and 141 g/L in the limestone-treated column, which shows that the limestone treatment reduced the Zn concentration by approximately 92%. These results verify the obvious effect of limestone treatment to reduce the Zn concentration of column effluents.
The Pb concentration in the leachate was 9.9 g/L at 1 PV and abruptly decreased thereafter. As the pH 5.6 solution was being added, the Pb concentration remained constant at a level almost the same as that in the limestone-treated column (Figure 3(c) ). At 11 PV, which corresponded to the addition of the pH 4.6 solution, the Pb concentration abruptly increased to 16.8 g/L and then decreased to a concentration similar to that in the limestone-treated column. At 20 PV, however, which was the final addition point of the pH 4.6 solution, the Pb concentration was 45.3 g/L, the highest within the test period, and continued to increase as the pH 3.6 solution seeped into the soil.
In the limestone-treated column, the Pb concentration also increased somewhat abruptly at 11 and 20 PV but was significantly lower than in the control column. Under the pH 3.6 condition, the Pb concentration continued to increase in the control soil but remained constant at a significantly lower value (Figure 3(c) ). The total leached concentrations of Pb in the leachate were 6.19 g/L in the control column and 1.31 g/L in the limestone-treated column, which showed that the limestone treatment reduced the Pb concentration by approximately 79%.
Discussion
In the control column, Cd, Zn, and Pb were quickly leached during the early stages of the inflow of the acid solutions (Figure 3) , and the leached Cd and Zn concentrations initially exceeded the groundwater quality limit and the surface water standard, respectively, after the injection of the pH 5.6 and pH 4.6 solutions. During the supply of the pH 3.6 solution, the Zn concentration consistently exceeded the national limit of effluent quality of surface water in South Korea. The released Pb concentrations were relatively low, not exceeding the groundwater quality national limit of 100 g/L, but abruptly increased after the addition of the pH 4.6 solution. The Pb concentration was highest at the final point of the addition of the pH 4.6 solution. The Pb concentration continued to rise as the pH 3.6 solution was added to the column.
The pH of the control column leachate initially decreased after the addition of the acid solutions (Figure 2 ), corresponding to the most abrupt increases in the Cd, Zn, and Pb concentrations (Figure 3) . The correlation analysis of the pH and metal concentrations showed that Cd and Zn had a strongly negative correlation with pH ( Table 5 ). As the soil contained a large quantity of limestone, its pH and acid buffering capacity were high, but its pH temporarily decreased directly after the addition of the acid solutions, leading to the abrupt leaching of its metal components.
The results of the column experiments described above showed that Cd, Zn, and Pb were also leached in the early stages of the experiment, after which their concentrations in the leachate continually decreased [24] [25] [26] [27] [28] [29] . It is likely that the metals were present in highly soluble forms and immediately dissolved into the acid solutions and were leached [27] . Cd and Zn concentrations quickly increased after the inflow of the acid solutions and then quickly decreased. The pH of the leachate from the control column temporarily decreased directly after the supply of acid solutions and then abruptly increased due to the high alkalinity of the soil (Figure 2 ). An increase in pH enhances the negative charge on the soil, and the metal cations are adsorbed and precipitated onto the soil surface [14] . The affinity of metals for soil is enhanced more under neutral pH conditions than under acidic conditions because an increase in pH increases the electrostatic attraction of the materials adsorbed to the soil [30] . Therefore, it seems that Cd and Zn were quickly leached when the pH temporarily decreased, and then their concentrations in the leachate decreased as they were adsorbed or precipitated to the soil surface. It is expected, however, that the adsorbed and precipitated metals can easily be leached at any time with changes in rainfall and pH.
Leaching trends of Cd and Zn in the control column showed a strong positive correlation ( Figure 3 and Table 5 ). Chemically, Cd and Zn are very similar and are known to coexist in nature [31] . Cd and Zn within the control column, and the leachate of the present column test, displayed similar leaching trends. The leaching trends of Pb, however, did not show any significant correlation with Cd and Zn and instead showed characteristics that were different from those of Cd and Zn. Such correlation between Cd, Zn, and Pb in the leachate, or the leaching characteristic, was similar to the results described by Houben et al. [28] .
The total Cd, Zn, and Pb contents were 90.8 mg/kg, 5,196 mg/kg, and 8,058 mg/kg, respectively, in the soil used ( Table 3 ). The total Pb content was highest by a wide margin and was approximately 88 times greater than that of Cd ( Table  3 ). The total leached concentrations were the sum of the metal concentrations in the leachate collected over the test period divided by the number of leachates sampled ( = 30). The total leached concentrations of Cd, Zn, and Pb were 8.40, 1,832, and 6.19 g/L, respectively, with the Pb concentration being by far the lowest. Pb is the most stable component of all metals found in soils [32] [33] [34] , and Zhang and Pu [24] reported that Pb has the lowest mobility in nonacidic soils. The results of sequential extraction analyses on metals from soil samples are shown in Table 4 . The acid soluble fractions of Cd, Pb, and Zn were 22.5 mg/kg (27.2%), 1,395 mg/kg (18.6%), and 1,095 mg/kg (22.8%), respectively. Pb had a lower composition of weakly bound fractions than did Cd and Zn. The acid soluble fraction had the highest mobility and phytoavailability in soil. Kuo and Baker [35] and McLean and Bledsoe [36] suggest that Pb prevents the sorption of Cu and Zn in soil. Cu and Zn also prevent the sorption of Cd. Therefore, Pb has the highest preferential adsorption in soils.
These characteristics of Pb in soil can be used to explain why Pb displayed different leaching characteristics than did Cd and Zn. Moreover, these characteristics of Pb were more visible because of the high pH of the subject soil, which is due to the high content of limestone in the bedrock of the subject area.
The leached Pb concentration, however, was the highest at the final inflow point of the pH 4.8 solution and continued to increase as the pH 3.6 solution was being added to the soil. The concentration of Pb in the leachate collected during the observation period was below the national limit despite a high Pb content due to the characteristics of Pb, which has relatively lower mobility than other metals in soil. However, the fact that the average pH of general Korean farmlands is slightly acidic at pH = 5.6 shows that Pb can be greatly leached at concentrations that can affect the surrounding environment due to pH changes, such as acid rain.
In the limestone-treated column, the decrease in pH was significantly smaller than that in the control column, and abrupt leaching of metals was almost never observed. Unlike the control column, in which metal concentrations significantly exceeded the national limit, metal concentrations were much lower than the national limit in the limestonetreated column. The main component of limestone, CaCO 3 , is a representative proton acceptor [37] , and it seems that the increase in CaCO 3 reduced H + and increased OH − concentrations in the soil as the acid solutions passed through it, and the pH remained constant, even in the early stages of acid solution addition. Accordingly, it was believed that the leached metal concentrations decreased significantly because the acid buffering capacity of the soil was maintained.
Conclusions
This study examined the release of metals, especially Cd, Zn, and Pb, from contaminated soil treated by limestone, using a laboratory-scale column test with varying pH. pH values were restricted to 3.6, 4.8, and 5.6. In this study, the pH of the subject soil was significantly high despite being from farrow land. This soil characteristic was not anticipated when this study was planned. Limestone was selected as the stabilization agent to reduce metal mobility by increasing soil pH because most Korean farmlands are slightly acidic. The characteristics of the treatment process of the stabilization method make determining an appropriate stabilization agent the most important task. If the pH of the soil in the reclamation target area is too high, the range of stabilization agents that can be selected narrows as generally alkaline material is not considered as a stabilization agent. However, this study generated some interesting results, which might provide basic data that can be considered when applying stabilization methods to contaminated soil with high pH for reclamation. Furthermore, highly alkaline soil can rapidly leach metal at high concentrations when rain or acidic rains temporarily reduce the acid buffering capacity of the soil. Slightly acidic soil was predicted to have noticeable effects on the mobility of metals and on the surrounding water systems induced by normal rain. Applying a stabilization agent such as limestone, however, was found to effectively reduce the leaching of metals by continuously maintaining the acid buffering capacity of the soil under conditions of altered pH such as acid rain. Moreover, despite the subject soil exhibiting a high pH, limestone treatment did not increase the pH in a way that was disadvantageous to the soil environment.
